INTRODUCTION {#SEC1}
============

In the Precambrian, the single-celled organisms (cynobacteria) converted solar energy, carbon dioxide, and water into the chemical energy of carbon bonds and produced oxygen (O~2~) as a side product through photosynthesis, leading to an increase of atmospheric O~2~ in the Earth ([@B1]--[@B3]). Amongst the essential factors required for speciation and evolution of aerobic organisms, particularly of complex multicellular organisms, O~2~ is indispensable because of its crucial role in energy generation. Through the oxidative phosphorylation that transfers chemical energy stored in carbon bonds of organic molecules to the high-energy phosphate bond in adenosine triphosphate (ATP), organisms produce energy for fundamental cellular functions, such as growth, proliferation, metabolism and synthesis of cellular constituents. In this process, O~2~ serves as the final electron receptor ([@B1],[@B3],[@B4]). During speciation, organisms not only have evolved sophisticated cellular sensors responding to O~2~ gradients, but also have developed elaborate systematic physiological systems that adapt to environments with variant O~2~ levels ([@B5],[@B6]).

The heterodimeric transcription hypoxia-inducible factors 1α and 2α (HIF-1α and HIF-2α) are master regulators of the cellular response to O~2~ ([@B2],[@B3],[@B5]). HIF-1α and HIF-2α orchestrate this cellular response to hypoxia by regulating the expression of a wide set of genes involved in multiple biological processes, including growth, proliferation, apoptosis, and metabolism ([@B4]). Under well-oxygenated conditions (normoxia), the prolyl hydroxylases (PHD1, PHD2 and PHD3) use O~2~ and 2-oxoglutarate as substrates to hydroxylate HIF-1α and HIF-2α at specific proline residues. The hydroxylated HIF-1α and HIF-2α are bound by the von Hippel-Lindau (VHL) protein. VHL recruits an ubiquitin ligase complex that targets HIF-1α and HIF-2α for proteasomal degradation. In response to low O~2~ levels (hypoxia), because of the lack of O~2~ as a substrate, the enzymatic activity of PHDs is inhibited, and they lose their function to hydroxylate of HIF-1α and HIF-2α. This in turn leads to HIF-α protein stabilization and the induction of transcriptional activity, which provides a molecular mechanism for the transduction of changes in the availability of O~2~ in response to changes in gene expression ([@B7],[@B8]). Because of the fine regulation of HIF-mediated hypoxia signaling by PHDs, the attenuation of PHDs function results in an up-regulation of hypoxia-inducible genes and leads to changes in cellular response to variant O~2~ levels ([@B9]).

Global variations of O~2~ levels have been correlated with adaptive evolutionary changes in organism physiology ([@B6]). Even though it is evident that the structure and function of some cells, tissues, or organs in the organisms have evolved to adapt to these variant O~2~ levels, accumulating evidence indicates that the hypoxia adaptation of aerobic organisms meets the HIF pathway at the molecular level ([@B5]). In high-altitude adaption, including Tibetans, Tibetan dogs and Tibetan grey wolf, genetic signatures have been identified in the *HIF-2α* (*EPAS1*) gene and *PHD2* (*EGLN1*) gene ([@B10]--[@B17]). In addition to these two genes, other factors also have been shown to correlate with hypoxia adaption ([@B10],[@B18]).

The ten-eleven translocation proteins (Tet1, Tet2 and Tet3), as well as PHD1, PHD2 and PHD3, belong to a large family of nonheme Fe^2+^/2-oxoglutarate-dependent dioxygenases (2-OGDO) ([@B19]). The TET proteins contain a conserved double-stranded β-helix (DSBH) domain, a cysteine-rich domain, and binding sites for the cofactors Fe^2+^ and 2-oxoglutarate that together form the core catalytic region in the C-terminus ([@B20]). The TET proteins convert 5mC to 5-hydroxymethylcytosine (5hmC) and its oxidative derivatives 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), providing a first step toward DNA demethylation ([@B21]). The TET proteins are presented in all jawed vertebrates that have roles in diverse biological processes, including epigenetic regulation of gene expression, embryogenesis, stem cell function and diseases ([@B22]).

Some evidence suggests a relationship exists between hypoxia and TET function ([@B23],[@B24]). Given the O~2~ dependence of TET enzymes, a hypoxic environment may reduce TET activity ([@B23]). It is evident that the activity of TET proteins is reduced by tumor hypoxia in human and mouse cells, independent of hypoxia-associated alternations of *Tet* expression ([@B25]). It is also observed that *Tet1* is induced by hypoxia, resulting in an increase of globe 5-hmC, with an accumulation of 5hmC density at the canonical hypoxia response genes ([@B26]). In addition, *Tet1* is found to be induced by hypoxia and serves as a coactivator of HIF-1α to regulate hypoxia-induced epithelial-mesenchymal transition, independent of its enzymatic activity ([@B27]). Even though these observations are somewhat controversial, the role of TET proteins in hypoxia signaling appears to be suggested. But how TET proteins act in their function in hypoxia signaling and whether TET proteins have any impact on hypoxia adaption (chronic hypoxia) or hypoxia tolerance (acute hypoxia) remain largely unknown.

In this study, we find that knockout of *Tet1* in both zebrafish and mice causes *Tet1*-null zebrafish and mice to be more sensitive to hypoxia compared with their wild-type siblings. Moreover, *Tet1* stabilizes the HIF-α protein, which is independent of its enzymatic activity. Therefore, we reveal a previously unrecognized function of *Tet1* in hypoxia signaling.

MATERIALS AND METHODS {#SEC2}
=====================

Generation of *tet1*-null, *tet2*-null and *tet3*-null zebrafish {#SEC2-1}
----------------------------------------------------------------

Disruption of *tet1, tet2* and *tet3* in zebrafish was accomplished via TAL effector nucleases (TALENs) or CRISPR/Cas9 technologies. The target sequences of TALENs on *tet1, tet2* and *tet3* were designed using the tools provided on the website (<https://tale-nt.cac.cornell.edu>). For *tet1*, the left target sequence is 5′-ACAAATGACCATCTAGGT-3′; the right target sequence is 5′-AGGCATGAATGTGAACAA-3′. For *tet2*, the left target sequence is 5′-CTCACCAAGCACCAAAAT-3′; the right target sequence is 5′- AGTCTTGTCTCAGCAG-3′. For *tet3*, the left target sequence is 5′- TATTAAACCAGGAACTCT-3′; the right target sequence is 5′-ATGCATCTAATGAAGA-3′. The TALENs of *tet1, tet2* and *tet3* were constructed by FastTALE TALEN Assembly kit (Sidansai Biotechnology, Shanghai, China). The mRNA of *tet1, tet2* and *tet3* TALENs were synthesized by Amplicap SP6 High Message Maker Kit (Cell Script).

*Tet1* sgRNA was designed using the tools provided on the website (<http://crispr.mit.edu>). The zebrafish Codon Optimized Cas9 plasmid was digested with XbaI, and purified and transcribed using the T7 mMessage mMachine Kit (Ambion). PUC9 gRNA vector was used for amplifying the sgRNA template. The primers for amplifying *tet1* gRNA are: 5′-GTAATACGACTCACTATAGGACTGTCGTCTGGGCTGTAGTTTTAGAGCTAGAAATAGC-3′ and 5′-AAAAGCACCGACTCGGTGCC-3′. SgRNA was synthesized using the Transcript Aid T7 High Yield Transcription Kit (Fermentas).

Zebrafish (*Danio rerio*) strain AB was raised, maintained, reproduced, and staged according to standard protocol. DNA (Cas9) and mRNA were injected into embryos at one-cell stage. mRNA of the TALENs of *tet1, tet2* or *tet3* was injected at 0.075 ng/per embryo. Cas9 RNA and sgRNA were injected at 0.75--1.25 ng/per embryo and 0.075 ng/per embryo, respectively. The mutations were initially detected by HMA (heteroduplex mobility assay) as previously described ([@B28]). If the results were positive, the remainder embryos were raised up to adulthood as the F0, which were back-crossed with wildtype zebrafish (AB line) to generate the F1, which were genotyped by HMA initially and confirmed by sequencing of targeting sites. The heterozygous F1 were back-crossed to wildtype zebrafish (AB line; none of their own parents) to obtain F2. The F2 adult zebrafish carrying the same mutation were inter-crossed to generate the F3 offspring, which should contain wildtype (+/+), heterozygote (+/--) and homozygote (--/--). The primers used for mutant identification are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

The guidelines for zebrafish nomenclature (<http://wiki.zfin.org/display/general/ZFIN+Zebrafish+Nomenclature+Guidelines>) were followed for naming the four mutants, *tet1 ^inb2017/ihb2017^*(<http://zfin.org/ZDB-ALT-170421-5>), *tet1 ^inb2018/ihb2018^* (<http://zfin.org/ZDB-ALT-170421-8>), *tet2 ^inb2019/ihb2019^*(<http://zfin.org/ZDB-ALT-170421-9>) and *tet3 ^inb2020/ihb2020^* (<https://zfin.org/ZDB-ALT-170424-10>).

Zebrafish were maintained in a re-circulating water system according to standard protocol. All experiments with zebrafish were approved by the Institutional Animal Care and Use Committee of Institute of Hydrobiology, Chinese Academy of Sciences under protocol number 2014-001.

*Tet1*-null mice {#SEC2-2}
----------------

*Tet1* ^−/−^ mice have been described previously ([@B29]). *Tet1*^+/−^ mice used in this study were originally obtained from Jackson Laboratory and we mated them with C57BL/6 mice to generate heterozygote mice (*tet1*^+/−^) for further experiments. The wildtype (+/+), heterozygote (+/−) and homozygote (−/−) mice were obtained by intercrossing of heterozygote (+/−) mice. All the mice were housed in the SPF animal facility and the animal experiments were performed at the age of 5--7 weeks with the use of protocols approved by the Institutional Animal Care and Use Committee of Institute of Hydrobiology, Chinese Academy of Sciences under protocol number 2014-002.

Cell culture and transfection {#SEC2-3}
-----------------------------

HEK293T and N2a (Neuro-2a) cell lines were originally obtained from ATCC and maintained in Dulbecco\'s modified Eagle\'s medium (Hyclone) supplemented with 10% fetal bovine serum (FBS; Hyclone) at 37°C in a humidified atmosphere incubator containing 5% CO~2~. All cell lines were verified to be free of *Mycoplama* contamination before use. Vigofect (Vigorous Biotechnology, Beijing, China) was used for cell transfection.

Mouse *Tet1*^−/−^ and *Tet1*^+/+^ MEF cells was established as described previously ([@B30]).

Luciferase reporter assay {#SEC2-4}
-------------------------

N2a cells were seeded in 24-well plates and transfected with the indicated plasmids together with Hypoxia Response Element luciferase reporter (HRE-Luc.) (kindly provided by Navdeep Chandel) and pTK-*Renilla* as an internal control. Luciferase activity was measured 20--24 h after transfection using the Dual-luciferase Reporter Assay System (Promega). Data were normalized to *Renilla* luciferase.

Hypoxia treatment {#SEC2-5}
-----------------

The Ruskinn INVIVO2 I-400 workstation was used for hypoxia treatment on cells and animals (zebrafish and mice). Before use, the O~2~ concentration was adjusted to the indicated values ahead of time.

In the pilot experiments, we noticed that the animal body weight (zebrafish and mice) could affect hypoxia tolerance significantly. Thus, before hypoxia treatments, we weighed animal body weight individually and tried to choose animals with similar body weight, then, to test their hypoxia tolerance.

For hypoxia treatment on adult zebrafish, *tet1*-null zebrafish were put into one 1000-ml flask filled with 750 ml water and their sibling controls were also put into another 1000-ml flasks filled with 750 ml water. In addition, before putting zebrafish, the oxygen concentration in water of these flaks was measured by a LDO101 probe (HQ30d, HACH) respectively (in all experiment, the oxygen concentration in water of the flasks for holding *tet1*-null zebrafish was 7.70 ± 0.07 mg/l and the oxygen concentration in water of the flasks for holding wildtype siblings was 7.74 ± 0.05 mg/l). Subsequently, the flasks were set in the Ruskinn INVIVO2 I-400 workstation simultaneously, in which the oxygen concentration was adjusted to 5% ahead of time (5.06kPa). Then, the behavior of zebrafish was closely monitored, recorded, photographed or videotaped.

For obtaining the survival curve of zebrafish under hypoxia, *tet1*-null zebrafish fries (45 dpf, 0.16 ± 0.02 g, *n* = 15) and their wild-type siblings (45 dpf, 0.16 ± 0.02 g, *n* = 15) were placed in the hypoxia workstation simultaneously. The numbers of dead zebrafish were counted once an hour. These experiments were repeated three times.

For hypoxia treatment on adult mice, *Tet1*-null mice as well as their wildtype and heterozygous siblings were weighed individually and the mice with similar weight were chosen (17.5 ± 0.5 g) for further assays. Each mouse was put into one flask respectively. The flasks were sealed with gauze and were then put into the hypoxia workstation. The oxygen concentration in the hypoxia workstation was adjusted to 10% (10.1 kPa) ahead of time. After treatment for 2 h (10% O~2~), the oxygen concentration in the hypoxia workstation adjusted to 8% (8.1 kPa). The behavior of mice in the flasks was closely monitored, recorded, photographed or videotaped. Because it was difficult to obtain mice with different genetic background (+/+, +/−, −/−, respectively) but similar body weight at the same time, we used mice from different litters. The hypoxia treatment experiments were conducted at the different stages of this study. The experiments were repeated five times (*n* = 5/each group (+/+, +/−, −/−)). The total number of mice used in hypoxia treatment experiments was 15 (*n* = 15).

Oxygen consumption rate measurement {#SEC2-6}
-----------------------------------

Oxygen consumption rate measurement was conducted in 500-ml flasks with a same amount of water (500 ml) (*n* = 12). Before putting zebrafish, the oxygen concentration of water in the flasks was measured by a LDO101 probe (HQ30d, HACH) (7.70 ± 0.07 mg/l). *Tet1*-null zebrafish (*n* = 6, 0.16 ± 0.02 g) as well as their wild-type siblings (*n* = 6, 0.16 ± 0.02 g) were simultaneously put into those 12 flasks respectively. Then the flasks were sealed tightly. After 4 h, the oxygen concentration in three flasks with *tet1*-null zebrafish and three flasks with wildtype siblings was measured with a LDO101 probe individually. After another 4 h, the oxygen concentration in the remaining three flasks with *tet1*-null zebrafish and the remaining three flasks with wild-type siblings was measured with a LDO101 probe individually. The data were recorded and calculated.

Immunohistochemistry staining and TUNEL assay {#SEC2-7}
---------------------------------------------

Immunohistochemistry staining was performed for detecting 5-hmC using anti-5hmC antibody (cat\#39769, Active Motif) in zebrafish brain by a standard protocol.

The numbers of apoptotic cell numbers in both zebrafish and mouse brain were detected by TUNEL assay using the Apoptag Peroxidase In Situ Apoptosis Detection Kit (Millipore) according to manufacturer\'s instructions.

The staining was analyzed using an Olympus IX-81 microscope fitted with a SPOT camera and software.

Antibodies and Western blot {#SEC2-8}
---------------------------

The antibodies used were as follows: anti-c-Myc antibody (9E10, 1:1000 for IB analysis, Santa Cruz), anti-Flag antibody (F1804, 1:1000 for IB analysis, Sigma), anti-HA antibody (1:5000 for IB analysis, Covance), anti-GAPDH antibody (SC-47724, 1:1000 for IB analysis, Santa Cruz), anti-α-tubulin antibody (EPR1333, 1:10 000 for IB analysis, Epitomics), anti-HIF-2α antibody (AB199, 1:1000 for IB analysis, Abcam), anti-HIF-1α antibody (A6265, 1:1000 for IB analysis, Abclone), anti-HIF-OH antibody (3434S, 1:1000 for IB analysis, Cell Signaling).

Western blot was performed as described previously ([@B31]). The Fuji Film LAS4000 mini luminescent image analyzer was used for photographing the blots. Multi Gauge V3.0 was used for quantifying the protein levels based on the band density obtained in western blot analysis.

Plasmid constructs and mutants {#SEC2-9}
------------------------------

The original wildtype mouse *Tet1* was kindly provided by Guoliang Xu and its truncated mutants were constructed by PCR and cloned into indicated expression vectors. *PHD2* construct was ordered from Addgene (Cat\# 18963). *HIF-1α, HIF-2α* and their mutants have been described previously or were constructed by PCR ([@B31]).

Co-immunoprecipitation assay and hydroxylation assay {#SEC2-10}
----------------------------------------------------

The experimental procedure of co-immunoprecipitation has been described previously ([@B31]).

For hydroxylation assays, because overexpression of *Tet1* could enhance HIF-2α or HIF-1α protein level dramatically, in order to get a clear picture about the real effect of *Tet1* on HIF-2α or HIF-1α hydroxylation, based on the ratio of HIF protein levels obtained from the pilot experiments, we adjusted the loading amount of protein and tried to let Flag-HIF-2α or Flag-1α loaded at the same level between the samples with and without *Tet1* overexpression after co-immunoprecipitation using anti-flag conjugated agarose beads (Figures [5B](#F5){ref-type="fig"} and [7B](#F7){ref-type="fig"}).

Ubiquitination assay {#SEC2-11}
--------------------

HEK293T cells were co-transfected with Flag-HIF-2α or Myc-HIF-1α, HA-Tet1, His-ubiquitin or His-ubiquitin- mutants (K6, K11, K27, K29, K33, K48 or K63 only). Ubiquitination assays with His-ubiquitin or His-ubiquitin- mutants were performed by affinity purification on Ni^2+^-NTA resin (Novagen) as described previously ([@B32]). An anti-HIF-2α or anti-Myc antibody was used for detecting polyubiquitination of HIF-2α or HIF-1α respectively.

Semi-quantitative real-time PCR analysis {#SEC2-12}
----------------------------------------

Total RNA was extracted from cells using the Trizol reagent (Invitrogen), and cDNA was synthesized using a first strand cDNA synthesis kit (Fermentas). The primers used for RT-PCR analysis are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Statistical analysis {#SEC2-13}
--------------------

Luciferase assay, semi-quantitative RT-PCR and oxygen consumption rate measurement data are reported as mean ± S.E.M. of three independent experiments performed in triplicate. The statistic analysis was performed using GraphPad Prism 5 (unpaired *t* -test) (GraphPad Software Inc.).

RESULTS {#SEC3}
=======

*Tet1*-null zebrafish exhibit less tolerant to hypoxia {#SEC3-1}
------------------------------------------------------

Growing evidence indicates the importance of TET proteins in DNA hydroxymethylation, accounting for their functions in development, differentiation, pluripotency, immunity, and tumorigenesis ([@B20]--[@B22]). Similar to mammalians, zebrafish have three orthologs of *Tet1, Tet2* and *Tet3*, which contain main functional domains as those in mammalians, suggesting that the TET protein is conserved evolutionarily between mammalians and zebrafish ([@B33],[@B34]). To systematically define the roles of TET proteins *in vivo* by zebrafish model, we initially introduced mutations into zebrafish *tet1, tet2* and *tet3* using TAL effector nucleases (TALENs) and obtained three mutants respectively, *tet1*^ihb2017/ihb2017^, *tet2*^ihb2019/ihb2019^ and *tet3*^ihb2020/ihb2020^ (Figure [1A](#F1){ref-type="fig"}; [Supplementary Figure S1A and D](#sup1){ref-type="supplementary-material"}). The predicted truncated proteins of *tet1, tet2* and *tet3* in the mutants indicate that the enzymatic domain was completely deleted in all three proteins (Figure [1B](#F1){ref-type="fig"}; [Supplementary Figure S1B and E](#sup1){ref-type="supplementary-material"}). Semi-quantitative real time polymerase chain reaction (RT-PCR) analysis indicted that *tet1* mRNA, *tet2* mRNA and *tet3* mRNA were reduced in *tet1*^ihb2017/ihb2017^, *tet2*^ihb2019/ihb2019^ and *tet3*^ihb2020/ihb2020^ mutants, respectively, which suggested that *tet1, tet2* and *tet3* were disrupted effectively (Figure [1C](#F1){ref-type="fig"}; [Supplementary Figure S1C and F](#sup1){ref-type="supplementary-material"}). From the embryonic stage to adulthood, the heterozygote (*tet1*^+/−^, *tet2*^+/−^ and *tet3*^+/−^) and homozygote (*tet1*^ihb2017/ihb2017^, *tet2*^ihb2019/ihb2019^ and *tet3*^ihb2020/ihb2010^) of *tet1, tet2* and *tet3* were indistinguishable from their wild-type siblings, similar to what was reported previously ([@B34]). All of these mutants and their wild-type siblings were raised in the tanks of a re-circulating water system separated by their genetic background. To enrich water O~2~ in the tanks, water was dropped slowly on the water surface of each tank. Interestingly, we noticed that the *tet1*^−/−^ zebrafish often swam near to the water surface in the tanks ([Supplementary Video S1](#sup1){ref-type="supplementary-material"}), but the others, including wild-type, *tet2*^−/−^ and *tet3*^−/−^ zebrafish swam across the whole tanks ([Supplementary Videos S2, S3 and S4](#sup1){ref-type="supplementary-material"}). After we measured the O~2~ concentration of the water surface and water bottom in the tanks using an LDO101 probe, we found that the O~2~ concentration of the water surface of tanks was always higher than that in the water bottom of tanks. The behaviors of *tet1*^−/−^ zebrafish preferring to swim near to the water surface of tanks might suggest that *tet1*^−/−^ could not tolerate low O~2~ existed in the water bottom of tanks. To further test this hypothesis, we chose three each of wild-type, *tet1*^−/−^, *tet2*^−/−^ and *tet3*^−/−^zebrafish with similar body weight and put them into four flasks. Subsequently, we put the flasks into a hypoxia workstation with 5% O~2~ adjusted ahead of time and closely observed their behaviors. After 4 h, *tet1*^−/−^ zebrafish started to die. When all three *tet1*^−/−^ zebrafish died completely, the other zebrafish, including wildtype, *tet2*^−/−^ and *tet3*^−/−^ zebrafish were still alive (Figure [1E](#F1){ref-type="fig"}; [Supplementary Videos S5 and S6](#sup1){ref-type="supplementary-material"}). To document the data quantitatively, we made a survival rate curve that indicated that more *tet1*^−/−^ mutant zebrafish died than their wildtype siblings under the same hypoxic conditions. The mRNA levels of *tet1, tet2* and *tet3* was induced under hypoxia (Figure [1G](#F1){ref-type="fig"}). In addition, to determine whether the different phenotypes exhibited between wild-type (*tet1*^+/+^) and *tet1*^−/−^ zebrafish under hypoxia were caused by O~2~ consumption rate, we measured the O~2~ consumption rate and found no significant difference between wild-type (*tet1*^+/+^) and *tet1*^−/−^ zebrafish ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). Intriguingly, modest reduction of 5hmC was observed in the brain of *tet1*^−/−^ mutant compared with that of their wild-type siblings ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}), similar to what has been reported previously ([@B34]). These data suggest that *tet1* might facilitate zebrafish hypoxia tolerance.

![Zebrafish *tet1* facilitates hypoxia tolerance. (**A**) Targeting strategy for generating zebrafish *tet1* mutants by TALEN and CRISPR/Cas9 technology. The targeting sequences by TALEN or CRISPR/Cas9 are underlined and marked with red font; the sequence differences between the mutants and their wild-type siblings are indicated by dashes. (**B**) The predicted protein products of *tet1* in the mutants and their wild-type siblings. The major domains of Tet1 including CXXC, cys-rich and DSBH are marked. In the mutant line *tet1*^ihb2017/ihb2017^, cys-rich domain and DSBH domain were deleted; in the mutant line *tet1*^ihb2018/ihb2018^ DSBH domain was deleted. (**C**) Expression of *tet1* in *tet1*-null (*tet1*^ihb2017/ihb2017^) zebrafish embryos was down-regulated significantly compared with that in wild-type (*tet1*^+/+^) (*P* \< 0.0001). (**D**) Expression of *tet1* in *tet1*-null (*tet1*^ihb2018/ihb2018^) zebrafish embryos was down-regulated significantly compared with that wild-type (*tet1*^+/+^) (*P* \< 0.0001). (**E**) *Tet1*-null zebrafish exhibit more sensitive to hypoxia (5%) compared with their wild-type siblings, as well as *tet2*-null zebrafish and *tet3*-null zebrafish. (**F**) The survival rate curve of *tet1*-null zebrafish and their wild-type sibling. Three groups of *tet1*-null zebrafish fries (45 dpf, *n* = 15 each group) and three groups of their wild-type siblings (45 dpf, *n* = 15 each group) were placed in the hypoxia workstation (Ruskinn INVIVO~2~ 400) simultaneously. The oxygen concentration of the hypoxia workstation was adjusted to 5% ahead of time. The numbers of dead zebrafish were counted once an hour. (**G**) The mRNA levels of *tet1* as well as *tet2* and *tet3* were induced under hypoxia.](gkx869fig1){#F1}

To uncover the reason why *tet1*^−/−^ zebrafish were more sensitive to hypoxia compared with their wild-type siblings, we examined apoptosis in the brain cells by TUNEL assays. Under normoxia, no obvious apoptotic cells were detected in the brains of both *tet1*^−/−^ zebrafish and their wild-type siblings (Figure [2A](#F2){ref-type="fig"}). Under hypoxia, however, more apoptotic cells were counted in *tet1*^−/−^ zebrafish compared with their wild-type siblings (Figure [2A](#F2){ref-type="fig"}). The fact that more cells went through apoptosis in the brain of *tet1*^−/−^ zebrafish compared with their wild-type siblings under hypoxia might account for the sensitivity of *tet1*^−/−^ to hypoxia.

![Knockout of *tet1* in zebrafish causes more apoptotic cells in the brain and reduction of hypoxia-inducible gene expression under hypoxia. (**A**) Compared with those in the brain of wild-type siblings, more apoptotic cells were detected in the brain of *tet1*-null zebrafish by TUNEL assays under hypoxia (5% O~2~, 5 h). (**B**) Expressions of hypoxia-inducible genes including *phd3, glut1, vegfa* were reduced significantly in the brain of *tet1*-null zebrafish embryos and adults compared with those of their wild-type siblings under hypoxia. (**C**) Overexpression of both zebrafish *tet1* and its enzymatic inactive form (zf-tet1-mut) could activate the hypoxia response element luciferase (HRE-luc.) reporter in the N2a cell line under hypoxia. N2a cells were transfected with the indicated plasmids and luciferase activity was measured 20--24 h after transfection. The left red box indicates the alignment of partial Tet1 sequences surrounding Tet1 enzymatic activity region and the enzymatic inactive mutant (mut) with histidine mutated to tyrosine and aspartic acid mutated to alanine. zf-tet1-mut, zebrafish tet1 mutant; mu-Tet1-mut, mouse Tet1 mutant.](gkx869fig2){#F2}

Subsequently, we examined the expression of well-defined hypoxia-inducible genes, including *phd3, glut1*, and *vegfa* in the embryos and adult brains. As shown in Figure [2B](#F2){ref-type="fig"}, under hypoxia, the expression of *phd3, glut1* and *vegfa* were reduced dramatically in the embryos and the adult brains of *tet1*^−/−^ zebrafish compared with their wild-type siblings (Figure [2B](#F2){ref-type="fig"}). These observations suggest that *tet1* might enhance hypoxia-inducible gene expression. Furthermore, to determine whether the enhancement of hypoxia-inducible gene expression depended on the methylcytosine dioxygenase activity of *tet1*, we constructed a *tet1* mutant in which the two enzymatic activity sites were mutated (Flag-zf-tet1-mut) and examined its effect on the hypoxia response element luciferase (HRE-Luc.) reporter. Surprisingly, this tet1 mutant still activated the HRE reporter, similar to the effect of wild-type tet1, suggesting that the effect of tet1 on hypoxia-inducible gene expression might not depend on tet1 enzymatic activity (Figure [2C](#F2){ref-type="fig"}). Considering that a modest reduction of 5hmC was detected in the brain cells of the *tet1*^−/−^ mutant, the hypoxia-sensitive phenotype exhibited in *tet1*^−/−^ zebrafish might not be due to the loss of methylcytosine dioxygenase activity in tet1, suggesting that an enzymatic-independent function of *tet1* might be responsible for its role on hypoxia tolerance.

To further validate the phenotypes displayed in *tet1*^ihb2017/ihb2017^ zebrafish, we made another *tet1* mutant (*tet1*^ihb2018/ihb2018^) using CRISPR/Cas9 technology. Similar to what we detected in *tet1*^ihb2017/ihb2017^, *tet1*^ihb2018/ihb2018^ zebrafish died more quickly than their wild-type siblings under hypoxia and expression of *phd3* or *vegfa* also was reduced in *tet1*^ihb2018/ihb2018^ zebrafish, ruling out the possibility that the phenotypes exhibited in *tet1*^−/−^ zebrafish resulted from an off-targeting effect of the *tet1* TALEN or gRNA ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

*Tet1*-null mice exhibit less tolerant to hypoxia {#SEC3-2}
-------------------------------------------------

Zebrafish tet1 contains the main function domains identified in mammalian TET1 protein ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). To determine whether the effect of *tet1* on hypoxia tolerance was conserved evolutionarily, we took advantage of *Tet1*-null mice. Similar to what we treated for zebrafish, we put the wild-type, *tet1*^+/−^ and *tet1*^−/−^ mice in three flasks and sealed the bottleneck with the gauze. Then, the flasks were put into the hypoxia workstation with 10% O~2~ adjusted ahead of time. After 2 h (10% O~2~), *Tet1*-null mice (*Tet1*^−/−^) and *Tet1* heterozygous mice (*Tet1*^+/−^) appeared to be very uncomfortable and started to scratch themselves constantly, but the wild-type mice seemed to be relaxing relatively ([Supplementary Video S7](#sup1){ref-type="supplementary-material"}). After the mice stayed in the hypoxia workstation for 6 h (10% for 2 h, 8% for 4 h), *Tet1*^−/−^ mice first started to jump and tried to reach the gauze that sealed the bottleneck. Subsequently, *Tet1* heterozygous mice (*Tet1*^+/−^) started to jump ([Supplementary Videos S8 and S9](#sup1){ref-type="supplementary-material"}; Figure [3A](#F3){ref-type="fig"}). However, the wild-type mice (*Tet1*^+/+^) still seemed to be relaxing at that time point ([Supplementary Videos S8 and S9](#sup1){ref-type="supplementary-material"}; Figure [3A](#F3){ref-type="fig"}, left panel). After the mice were treated under hypoxia for 10 h (10% for 2 h, 8% for 8 h), *Tet1*^−/-^ mice died, but heterozygous (*Tet1*^+/−^) and the wildtype mice (*Tet1*^+/+^) were still alive ([Supplementary Videos S10 and S11](#sup1){ref-type="supplementary-material"}; Figure [3A](#F3){ref-type="fig"}, right panel). These data suggest that knockout of *Tet1* in mice impairs hypoxia tolerance, similar to what was displayed in *tet1*-null zebrafish. Consistently, more apoptotic cells were detected in the brain of *Tet1*^−/−^ mice compared with their wild-type siblings(*Tet1*^+/+^) under hypoxia (Figure [3B](#F3){ref-type="fig"}). Semi-quantitative RT-PCR analysis revealed that expression of hypoxia-inducible genes was reduced in the brains of *Tet1*^−/−^ mice compared with their wild-type siblings under hypoxia (Figure [3C](#F3){ref-type="fig"}).

![*Tet1*-null mice exhibit more sensitive to hypoxia. (**A**) Compared with their wild-type siblings and *Tet1* heterozygous mice, *Tet1*-null mice exhibited less tolerant to hypoxia after they were put into the hypoxia workstation. The O~2~ concentration in the hypoxia chamber was adjusted to 10% ahead of time; 2 h later, it was adjusted to 8%. (**B**) Compared with those in the brain of wild-type sibling, more apoptotic cells were detected in the brain of *tet1*-null mice by TUNEL assays under hypoxia (10% O~2~ for 2 h plus 8% O~2~ for 8h). (**C**) Expressions of hypoxia-inducible genes including *Glut1, Vegfa, Epo* and *Sod2* were reduced significantly in the brain of *Tet1*-null mice compared with those of their wildtype siblings under hypoxia (10% O~2~ for 2 h plus 8% O~2~ for 8 h).](gkx869fig3){#F3}

Taken together, these data suggest that *Tet1* plays an important role in hypoxia tolerance, which is conserved evolutionarily between fish and mammalians; knockout of *Tet1* causes more apoptotic cells in the brain and reduction of hypoxia-inducible gene expression under hypoxia.

Tet1 stabilizes HIF-2α protein and enhances HIF-2α transcriptional activity independent of its enzymatic activity {#SEC3-3}
-----------------------------------------------------------------------------------------------------------------

Similar to zebrafish *tet1*, mouse *Tet1* also activated the HRE reporter independent of its enzymatic activity (Figure [4A](#F4){ref-type="fig"}).

![Tet1 stabilizes HIF-2α protein and enhances HIF-2α transcriptional activity independent of its enzymatic activity. (**A**) Overexpression of both mouse *Tet1* (WT) and its enzymatic inactive form (mu-tet1-mut) could activate hypoxia response element luciferase (HRE-luc.) reporter in the N2a cell line under hypoxia. (**B**) Overexpression of both mouse *Tet1* (WT) and its enzymatic inactive form (mu-tet1-mut) together with HIF-2α could activate the hypoxia response element luciferase (HRE-luc.) reporter induced by HIF-2α in the N2a cell line under normoxia. (**C**) Schematic of the Tet1 domains. The extent of the interaction between HIF-2α and the Tet1 domains is indicated the number of plus sign (+). (**D**) Domain mapping indicates that the domain covering 609-1525aa and the domain covering 1525-2039aa of Tet1 interact with HIF-2α. (**E**) Tet1 enhanced HIF-2α stability under normoxia and hypoxia. HEK293T cells were transfected with indicated plasmids. After 16--20 h under normoxia (21% O~2~) or hypoxia (5% O~2~), cells were harvested and detected by Western blot analysis. (**F**) The protein level of HIF-2α was reduced in the MEF cells of *Tet1*-null mice compared with that in wild-type siblings. (**G**) Overexpression of *Tet1* enhanced stabilization of HIF-2α in the presence of cycloheximide (CHX, 50 μg/ml) under normoxia. HEK293T cells were transfected with the indicated plasmids for 18--20 h, then, cycloheximide was added to culture medium with the final concentration 50 μg/ml. At different time points, the cells were harvested for western blot analysis. (**H**) Overexpression *Tet1* enhanced stabilization of HIF-2α during re-oxygenation. HEK293T cells were transfected with the indicated plasmids for 16--18 h. Subsequently, the cells were placed in a hypoxia incubator (NBS Galaxy 48R) for 8 h (5% O~2~). Then, the cells were transferred into a regular incubator (21% O~2~). At different time points, the cells were harvested for Western blot analysis. (**I**) Overexpression of mouse *Tet1* (WT) and its domain covering 609-1525 aa together with HIF-2α could activate the HRE-luc. reporter induced by HIF-2α in the N2a cell line under normoxia. (**J**) Overexpression of mouse *Tet1* (tet1-wt), its enzymatic inactive form (tet1-mut) and its domain covering 609-1525aa could activate the HRE-luc. reporter in the N2a cell line under hypoxia. (**K**) The activity of the HRE-luc. reporter was lower in *Tet1*-null MEF cells compared with that in wild-type MEF cells under hypoxia. (**L**) In *Tet1*-null MEF cells (*Tet1*^−/−^), overexpression of mouse *Tet1* (tet1-wt), its enzymatic inactive form (tet1-mut) and its domain covering 609-1525aa could activate the HRE-luc. reporter under hypoxia.](gkx869fig4){#F4}

In light of the well-defined function of HIF-2α on hypoxia signaling and hypoxia adaptation, to gain insights into the mechanisms by which pathways are linked to the role of *Tet1* on hypoxia tolerance ([@B5]), we initially examined whether *Tet1* could affect HIF-2α transactivity. As shown in Figure [4B](#F4){ref-type="fig"}, overexpression of HIF-2α activated the HRE reporter dramatically. Co-expression of wild-type *Tet1* as well as its enzymatic dead mutant (mu-tet1-mut) enhanced HIF-2α transactivity significantly (Figure [4B](#F4){ref-type="fig"}). Again, these data suggest that *Tet1* enhances HIF-2α transactivity independent of its enzymatic activity.

Subsequently, we examined whether Tet1 interacts with HIF-2α by co-immunoprecipitation assays. It appeared that the whole Tet1 could interact with HIF-2α, and its domain (609-1525aa) had stronger binding ability, which also stabilized HIF-2α dramatically (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). Then, we examined the stabilization of HIF-2α by Tet1 under both normoxia and hypoxia. The full-length Tet1 and the domain (609-1525aa) had stronger capability to stabilize HIF-2α (Figure [4E](#F4){ref-type="fig"}). To validate the stabilizing effect of Tet1 on HIF-2α endogenously, we checked HIF-2α protein levels in *Tet1*-null MEF cells and wild-type MEF cells. Consistently, HIF-2α in *Tet1*^−/−^ MEF cells was much lower than that in *Tet1*^+/+^ MEF cells (Figure [4F](#F4){ref-type="fig"}). When the protein synthesis inhibitor, cycloheximide (CHX), was added, the degradation rate of HIF-2α was slower in co-expression of *Tet1* compared with that in co-expression empty vector control, suggesting new protein synthesis was not required in this process (Figure [4G](#F4){ref-type="fig"}). Moreover, during re-oxygenation, the degradation rate of HIF-2α was slower in co-expression of *Tet1* compared with that in the co-expression empty vector control (Figure [4H](#F4){ref-type="fig"}). These data suggest that Tet1 stabilizes HIF-2α.

We further confirmed that the full-length Tet1 and the domain (609-1525aa) which could stabilize HIF-2α dramatically and also enhanced HIF-2α transactivity (Figure [4I](#F4){ref-type="fig"}). In addition, under hypoxia, the full-length Tet1, as well as the enzymatic-deficient mutant and the domain (609--1525aa), activated the HRE reporter significantly (Figure [4J](#F4){ref-type="fig"}). In *Tet1*^−/−^ MEF cells, the HRE reporter activity was lower than that in *Tet1*^+/+^ MEF cells under both normoxia and hypoxia (Figure [4K](#F4){ref-type="fig"}), consistent with Tet1 protein levels (Figure [4F](#F4){ref-type="fig"}). Moreover, we validated the enhancement effect of the full-length Tet1, the enzymatic-deficient mutant and the domain (609--1525aa) on the HRE reporter in *Tet1*^−/−^ MEF cells (Figure [4L](#F4){ref-type="fig"}).

Taken together, these data suggest that Tet1 enhances HIF-2α activity by stabilizing HIF-2α protein independent of its enzymatic activity.

Tet1 reduces hydroxylation of HIF-2α by disturbing PHD2 function on HIF-2α {#SEC3-4}
--------------------------------------------------------------------------

TET proteins and PHD proteins belong to an ancient family of nonheme Fe^2+^/2-OGDO) ([@B19]). PHD2, other than PHD1 and PHD3, has long been recognized as the major regulator of hypoxia signaling pathway ([@B35]). In addition, the genetic changes in both *PHD2* and *HIF-2α* have indicated a strong correlation with high-altitude adaptation ([@B5]). We therefore speculated that Tet1 might affect PHD2 function on HIF-2α to act its function on hypoxia tolerance. To test this hypothesis, we subsequently conducted a series of experiments to address it. As shown in Figure [5A](#F5){ref-type="fig"}, when *PHD2* was co-expressed with wild-type *HIF-2α*, as expected, the HIF-2α protein level was reduced. When *Tet1* was co-expressed, the HIF-2α protein level was increased (Figure [5A](#F5){ref-type="fig"}). When *PHD2* was co-expressed with the two proline-site mutated HIF-2α (HIF-2α-DM, P405/531A), however, the HIF-2α protein level was not changed. Interestingly, co-expression of *Tet1* also could not cause HIF-2α-DM protein to change. This phenomenon suggests that *Tet1* might affect HIF-2α stability by disturbing PHD2's function on HIF-2α. In agreement with this notion, overexpression of *Tet1* indeed could diminish HIF-2α hydroxylation by PHD2 (Figure [5B](#F5){ref-type="fig"}). Of note, overexpression of *Tet1* did not cause *HIF-2α* mRNA to increase, further suggesting that Tet1 enhanced HIF-2α at the protein level but not at the mRNA level (Figure [5C](#F5){ref-type="fig"}). In fact, Tet1 could compete with PHD2 for binding to HIF-2α (Figure [5D](#F5){ref-type="fig"}). As shown in Figure [5D](#F5){ref-type="fig"}, HIF-2α was increased from 0.05 fold to 1.00 fold, but the binding of PHD2 to HIF-2α dropped from 1.00 fold to 0.47 fold when *Tet1* was co-expressed. Consistently, Tet1 enhanced the transactivity of wild-type HIF-2α, but not the transactivity of HIF-2α-DM (Figure [5E](#F5){ref-type="fig"}). Moreover, the domain (609-1525aa) of Tet1 enhanced wild-type HIF-2α transactivity, but it had no effect on HIF-2α-DM transactivity (Figure [5F](#F5){ref-type="fig"}).

![Tet1 reduces hydroxylation of HIF-2α by disturbing PHD2 function on HIF-2α. (**A**) Tet1 stabilized wild-type HIF-2α, but not the hydroxylated site mutated HIF-2α (HIF-2α DM) under normoxia. (**B**) Overexpression of *Tet1* diminished HIF-2α hydroxylation under normoxia. HEK293T cells were transfected with the indicated plasmids. After co-immunoprecipitation using anti-flag conjugated agarose beads, the loading amount of protein was adjusted to similar levels between the samples with and without *Tet1* overexpression based on the pilot experiments. (**C**) Overexpression of *Tet1* did not cause HIF-2α mRNA to increase. HEK293T cells were transfected with the indicated plasmids. After 16--20 h, the cells were harvested for RT-PCR assays. (**D**) Co-expression of *Tet1* diminished PHD2 binding to HIF-2α. (**E**) Overexpression of *Tet1* enhanced wildtype HIF-2α activity on the hypoxia response element luciferase (HRE-luc.) reporter in the N2a cell line under normoxia, but not that of the hydroxylated site-mutated HIF-2α (HIF-2α DM). (**F**) Overexpression of the *Tet1* domain covering 609--1525aa enhanced the activity of wild-type HIF-2α on the HRE-luc. reporter in the N2a cell line under normoxia, but not that of the hydroxylated site-mutated HIF-2α (HIF-2α DM).](gkx869fig5){#F5}

It is well defined that hydroxylated HIF-2α recruits VHL E3 complex for ubiquitin-dependent proteasomal degradation ([@B36]--[@B38]). To determine whether Tet1 could affect proteasomal degradation of HIF-2α, we used a proteasome inhibitor, MG132, for validation. When MG132 was added, the enhancement of HIF-2α by Tet1 disappeared ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). Subsequently, we sought to know whether Tet1 also affect ubiquitination of HIF-2α. We examined ubiquitination of wild-type HIF-2α and HIF-2α-DM in the presence or absence of Tet1. To our surprise, Tet1 enhanced poly-ubiquitination of wild-type HIF-2α instead of preventing poly-ubiquitination of wild-type HIF-2α, but for HIF-2α-DM, Tet1 had no effect on its poly-ubiquitination, which was consistent with the effect of Tet1 on stabilization of HIF-2α and HIF-2α-DM, respectively ([Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}). This unexpected phenomenon prompted us to hypothesize that *Tet1* might enhance poly-ubiquitination linked through other site lysines instead of linking through K48 poly-ubiquitination, which mainly mediates protein degradation ([@B39]). After we used different ubiquitin for poly-ubiquitination assays, including wild-type, K6, K11, K27, K29, K33, K48 and K63-only ubiquitins, we found that Tet1 enhanced poly-ubiquitination of HIF-2α linked through K29 and K48, obviously, in contrast to the consequence of protein poly-ubiquitination linked through K48 ([Supplementary Figure S5C](#sup1){ref-type="supplementary-material"}).

It is well defined that pVHL typically binds to hydroxylated HIF-α ([@B36]--[@B38]). To further ensure that Tet1 could diminish HIF-2α hydroxylation, we performed co-immunoprecipitation between pVHL and HIF-2α with or without Tet1 over-expression. As shown in [Supplementary Figure S5D](#sup1){ref-type="supplementary-material"}, when Tet1 was over-expressed, the protein level of HIF-2α was increased from 1.33-fold to 1.00-fold as revealed by co-immunoprecipitation assays ([Supplementary Figure S5D](#sup1){ref-type="supplementary-material"}, left panel). However, the binding amount of pVHL to HIF-2α was dropped from 1.00-fold to 0.70-fold ([Supplementary Figure S5D](#sup1){ref-type="supplementary-material"}, left panel). When the amount of overexpressed Tet1 was further increased, the protein level of HIF-2α was increased from 1.00-fold to 2.14-fold in co-immunoprecipitation assays, but, the binding amount of pVHL to HIF-2α was only increased from 1.00-fold to 1.16-fold ([Supplementary Figure S5D](#sup1){ref-type="supplementary-material"}, left panel). Therefore, Tet1 diminished pVHL binding to HIF-2α, further supporting that Tet1 could indeed cause reduction of HIF-2α hydroxylation.

Taken together, these data suggest that Tet1 competes with PHD2 for binding to HIF-2α, resulted in the attenuation of HIF-2α hydroxylation. In addition, Tet1 inhibits proteasome-mediated degradation of HIF-2α, but it enhances poly-ubiquitination of HIF-2α.

Tet1 stabilizes HIF-1α protein and enhances HIF-1α transcriptional activity independent of its enzymatic activity {#SEC3-5}
-----------------------------------------------------------------------------------------------------------------

To understand the role of *Tet1* in hypoxia tolerance and the underlying mechanisms more thoroughly, we further examined the effect of Tet1 on HIF-1α. Consistent with what was reported previously ([@B27]), Tet1 interacted with HIF-1α and its C-terminus had stronger binding ability to HIF-1α (Figure [6A](#F6){ref-type="fig"}). Similar to that on HIF-2α, Tet1 and its domain (609--1525aa) also stabilized HIF-1α dramatically (Figure [6B](#F6){ref-type="fig"}). In *Tet1*^−/−^ MEF cells, the protein level of HIF-1α was much lower than that in *Tet1*^+/+^ MEF cells under normoxia and hypoxia (Figure [6C](#F6){ref-type="fig"}). When cycloheximide (CHX) was added, overexpression of *Tet1* prevented HIF-1α degradation compared with those in the overexpression of the empty vector control (Figure [6D](#F6){ref-type="fig"}). Moreover, during re-oxygenation, the degradation rate of HIF-1α was slower in overexpression of *Tet1* compared with that in the overexpression of empty vector control (Figure [6E](#F6){ref-type="fig"}). In addition, overexpression of wild-type (Tet1-WT), the enzymatic-dead mutant (Tet1-mut) and the domain (609-1525) of Tet1 also enhanced HIF-1α transactivity on the HRE reporter (Figure [6F](#F6){ref-type="fig"} and [G](#F6){ref-type="fig"}).

![Tet1 stabilizes HIF-1α protein and enhances HIF-1α transcriptional activity independent of its enzymatic activity. (**A**) Domain mapping of Tet1 protein binding to HIF-1α. (**B**) Tet1 and its different domains stabilized HIF-1α protein. (**C**) The protein level of HIF-1α was reduced in *Tet1*-null MEF cells compared with that in wild-type MEF cells under normoxia and hypoxia. (**D**) Overexpression of *Tet1* enhanced stabilization of HIF-1α in the presence of cycloheximide (CHX, 50μg/mL) under normoxia. HEK293T cells were transfected with the indicated plasmids for 18-20 h, then, cycloheximide was added to culture medium with the final concentration 50μg/mL. At different time points, the cells were harvested for Western blot analysis. (**E**) Overexpression *Tet1* enhanced stabilization of HIF-1α during re-oxygenation. HEK293T cells were transfected with the indicated plasmids for 16-18 h. Subsequently, the cells were placed in a hypoxia incubator (NBS Galaxy 48R) for 8 h (5% O~2~). Then, the cells were transferred into a regular incubator (21% O~2~). At different time points, the cells were harvested for Western blot analysis. (**F**) Overexpression of mouse *Tet1* (Tet1-wt) and its enzymatic inactive form (Tet1-mut) together with HIF-1α could activate the hypoxia response element luciferase (HRE-luc.) reporter induced by HIF-1α in the N2a cell line under normoxia. (**G**) Overexpression of mouse *Tet1* (Tet1-wt) and its domain covering 609-1525aa together with HIF-1α could activate the HRE-luc. reporter induced by HIF-1α in the N2a cell line under normoxia.](gkx869fig6){#F6}

Taken together, these data suggest that *Tet1* stabilizes HIF-1α and enhances HIF-1α transcriptional activity independent of its enzymatic activity.

Tet1 does not affect PHD2 function on HIF-1α and stabilizes the C-terminal of HIF-1α {#SEC3-6}
------------------------------------------------------------------------------------

To determine whether Tet1 also affects hydroxylation of HIF-1α by disturbing PHD2 function, we examined the effect of *Tet1* on the two-proline site mutated HIF-1α (HIF-1α-DM, P403/564A). In contrast to overexpression on HIF-2α, overexpression of *Tet1* still stabilized the protein level of HIF-1α-DM (Figure [7A](#F7){ref-type="fig"}). Consistently, Tet1 has no effect on HIF-1α hydroxylation (Figure [7B](#F7){ref-type="fig"}). Moreover, overexpression of wild-type (Tet1-WT), the enzymatic-dead mutant (Tet1-mut) and the domain (609-1525) of Tet1 enhanced HIF-1α-DM transactivity on the HRE reporter (Figure [7C](#F7){ref-type="fig"}).

![Tet1 does not affect PHD2 function on HIF-1α and stabilizes the C-terminal of HIF-1α. (**A**) The hydroxylated site-mutated HIF-1α (HIF-1α DM) still was stabilized by Tet1. (**B**) Tet1 had no effect on hydroxylation of HIF-1α. HEK293T cells were transfected with the indicated plasmids. After co-immunoprecipitation using anti-flag conjugated agarose beads, the loading amount of protein was adjusted to the similar level between the samples with and without *Tet1* overexpression based on the pilot experiments. (**C**) Overexpression of mouse *Tet1* (tet1-wt) and its domain covering 609-1525aa enhanced the activity of the hydroxylated site mutated HIF-1α (HIF-1α DM) on the hypoxia response element luciferase (HRE-luc.) reporter in the N2a cell line under normoxia. (**D**) Tet1 stabilized the C-terminal of HIF-1α (576-826 aa). (**E**) Tet1 stabilized the different lysine mutants of HIF-1α. (**F**) The four-lysine site mutated HIF-1α (HIF-1α-4Mut) (K625/629/709/769R) still was stabilized by Tet1, but it was not as dramatic as that of wild-type HIF-1α or the hydroxylated site mutated HIF-1α (DM). (**G**) Overexpression of mouse *Tet1* (tet1-wt) and its domain covering 609-1525aa could still enhance the activity of HIF-1α-4Mut on the HRE-luc. reporter in the N2a cell line under normoxia.](gkx869fig7){#F7}

To further clarify the mechanistic aspects of HIF-1α stabilized by Tet1, we conducted experiments to map which parts of HIF-1α were stabilized by Tet1. As shown in Figure [7D](#F7){ref-type="fig"}, Tet1 stabilized the C-terminus of HIF-1α (576--826aa). To define which lysine sites located in the C-terminus were responsible for *Tet1*-mediated HIF-1α stabilization, we mutated all lysine sites in the C-terminus of HIF-1α to arginine and examined the effect of Tet1 on these mutants. Compared with the stabilizing effect of Tet1 on wild-type HIF-1α, Tet1 had relative weak effect on the mutants, K625/629R, K709R and K769R (Figure [7E](#F7){ref-type="fig"})F. In light of the different effect of Tet1 on HIF-1α and HIF-2α, and the C-terminus of HIF-1α mainly were stabilized by Tet1, we compared the sequence of C-terminus between HIF-1α and HIF-2α and found that K629, K709 and K769 were different ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). Thus, we made a mutant with four-site mutations (4Mut; K625/629/709/769R). Overexpression of *Tet1* still stabilized the mutant 4Mut, even though the stabilization of 4Mut by Tet1 was not as dramatic as that of wild-type HIF-1α, suggesting that an unknown mechanism other than disturbing PHD2 function and lysine site modification accounted for the Tet1 function on HIF-1α stabilization (Figure [7F](#F7){ref-type="fig"}). Consistent with these observations, overexpression of *Tet1* and its domain (609-1525) also enhanced HIF-1α and HIF-1α-4Mut transactivity on the HRE reporter (Figure [7G](#F7){ref-type="fig"}).

Similar to that on HIF-2α, Tet1 stabilized HIF-1α by preventing proteasome-mediated degradation of HIF-1α because MG132 also could block the enhancement of HIF-1α by Tet1 ([Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}). In addition, Tet1 promoted poly-ubiquitination of wild-type HIF-1α and HIF-1α-DM, but had a relatively weak effect on the poly-ubiquitination of HIF-1α-4Mut ([Supplementary Figure S7B](#sup1){ref-type="supplementary-material"}).

In contrast to the effect of Tet1 on interaction between pVHL and HIF-2α, overexpression of *Tet1* did not diminish pVHL binding to HIF-1α because the increasing tendency of HIF-1α protein resulted from overexpression of Tet1 was the same as the tendency of pVHL binding to HIF-1α ([Supplementary Figure S7C](#sup1){ref-type="supplementary-material"}), further reinforcing that Tet1 has no effect on HIF-1α hydroxylation.

Taken together, these data suggest that Tet1 stabilizes HIF-1α through an unknown mechanism rather than by disturbing of PHD2 function and lysine site modification.

DISCUSSION {#SEC4}
==========

Since the initial finding of the enzymatic activity in modifying methylcytosine and erasing DNA methylation, *Tet1* and its family members *Tet2* and *Tet3* have gained much more attention ([@B20]--[@B22]). It has yet to be demonstrated whether the enzymatic-independent functions are owned by *Tet1*. As reported, *Tet1* could regulate hypoxia-induced epitheliar-mesenchymal transition by acting as a coactivator of HIF-1α, independent of its enzymatic activity ([@B27]). In the current study, we found a subtle change of 5hmC in the brain of *tet1*-null zebrafish, indicating a mild effect of *tet1* on the demethylation of zebrafish DNA, which is consistent with the observations reported previously ([@B34]). Furthermore, the enzymatic activity of *Tet1* is not required for the enhancement of protein stability and transactivity of HIF-α. Knockout of *Tet1* in both zebrafish and mice, however, caused *Tet1*-deficient animals to be more sensitive to hypoxic conditions. This finding suggests an enzymatic-independent function of *Tet1* in hypoxia signaling.

Given the crucial role of O~2~ in species evolution, investigations on hypoxia adaptation (chronic hypoxia), particularly for high-altitude adaptation, have attracted more attention. Multiple lines of evidence support that the genetic changes in the *HIF-2α* (*EPAS1*) gene and the *PHD2* (*EGLN1*) gene account for this kind of adaptation, which also indicate that the HIF pathway is mainly responsible for high-altitude adaptation ([@B5],[@B10],[@B11],[@B13]--[@B18]). Basically, the high-altitude adaptation may represent a kind of adaptation for chronic hypoxic conditions, which supposes to go through a long historical geological period ([@B5]). How animals adapt to acute hypoxic conditions (hypoxia tolerance) and the underlying mechanisms remain unclear, probably because of a lack of feasible tools for exploration.

In this study, we took advantage of a hypoxia workstation and set up a practical procedure to evaluate hypoxia tolerance of zebrafish and mice. We demonstrated that Tet1 facilitates hypoxia tolerance by stabilizing HIF-α proteins and enhancing their transcriptional activity, demonstrating that the acute hypoxia adaptation (hypoxia tolerance) also meets the HIF signaling. Furthermore, we revealed that Tet1 disturbs PHD2 function on HIF-2α, reinforcing the critical role of PHD2 and HIF-2α on both chronic hypoxia adaptation and acute hypoxia adaptation (hypoxia tolerance). On the basis of this study, however, we still do not know whether *Tet1* also contributes to chronic hypoxia adaptation (such as high-altitude adaptation). Further elucidation on the role of *Tet1* in chronic hypoxia adaptation might provide a new clue for understanding aerobic organisms in high-altitude adaptation. Another possibility is that animals adapt to chronic hypoxia and acute hypoxia through different mechanisms. For chronic hypoxia adaptation, the genetic changes in major factors of hypoxia signaling might represent a main way because of a long term adaptation. However, for acute hypoxia adaptation, the regulation of gene expression related to hypoxia signaling might be a main cause because of quick response. In order to adapt to hypoxia, animals might develop multiple mechanisms to modulate HIF pathway.

It appears that the regulating mechanism of Tet1 on HIF-1α is more complicated than that on HIF-2α. Uncovering the underlying mechanism of Tet1 on HIF-1α probably will open a new window for understanding the mystery of hypoxia tolerance. In spite of the evidence we provided here demonstrating that *Tet1* might facilitate hypoxia tolerance by affecting the HIF pathway, we cannot rule out that other pathways may be involved in mediating *Tet1* function in hypoxia tolerance. Multiple genes probably act in concert to mediate *Tet1* function in hypoxia tolerance.

Intriguingly, we noticed that double proline mutated HIF-2α and HIF-1α are also ubiquitinated. These mutants presumably would not be binding pVHL. Therefore, in addition to pVHL, other E3 ligases or E3 ligase complexes might also involve in HIF-α ubiquitination. To further address this phenomenon will help us to understand the regulation of HIF-α protein stability more thoroughly.

To date, multiple lines of evidence support that proteasome-mediated degradation is the major cause for degradation of HIF-1α and HIF-2α under either normoxia or hypoxia ([@B4],[@B40]--[@B46]). Here, we also confirmed that Tet1 stabilizes HIF-α by disturbing the proteasome-mediated degradation of HIF-α. Unexpectedly, however, Tet1 enhances poly-ubiquitination of HIF-α instead of preventing the poly-ubiquitination of HIF-α. Further assays showed that Tet1 mainly enhances poly-ubiquitination of HIF-2α linked through K29 and K48, but not through K63 or other lysine sites. These phenomena are inconsistent with the classic protein degradation pathway that is mediated mainly by the ubiquitin-proteasome system ([@B47]). In fact, in addition to several types of ubiquitin modifications that target proteins for degradation, certain proteins appears to degraded by the proteasome in an ubiquitin-independent manner ([@B48]--[@B51]). Therefore, it seems that HIF-α could be mediated by ubiquitin-independent proteasomal degradation, but Tet1 disturbs this pathway, resulting in HIF-α stabilization. Given that Tet1 stabilizes HIF-2α by interfering with PHD2 function, it indicates that PHD2 not only might mediate HIF-2α degradation in this ubiquitin-dependent manner but also might mediate HIF-2α degradation in an ubiquitin-independent manner. The ability to further define the ubiquitin-independent proteasomal degradation of HIF-α and the role of *Tet1* in this process will delineate a clear picture for HIF-α regulation, and in turn, also may reveal the mechanisms of *Tet1* in hypoxia tolerance.
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